Abstract: Aiming at the problem that a thin-walled plastic part easily produces warpage, an orthogonal experimental method was used for multiparameter coupling analysis, with mold structure parameters and injection molding process parameters considered synthetically. The plastic part deformation under different experiment schemes was comparatively studied, and the key factors affecting the plastic part warpage were analyzed. Then the injection molding process was optimized. The results showed that the important order of the influence factors for the plastic part warpage was packing pressure, packing time, cooling plan, mold temperature, and melt temperature. Among them, packing pressure was the most significant factor. The optimal injection molding process schemes reducing the plastic part warpage were melt temperature (260°C), mold temperature (60°C), packing pressure (150 MPa), packing time (2 s), and cooling plan 3. In this situation, the forming plate flatness was better.
Introduction
With the development of computer, home appliance, communication, and automotive industry, people are more and more inclining to pursuit thin-walled, complex plastic part. Injection molding can complete plastic part with complex shape and precise size at a time. The molding process is a result of complex, nonlinear interaction effects of multiparameter coupling, which easily results in various defects, such as short shot, warpage, burn, weld line, and sink mark. Among them, warpage has the most obvious influence on plastic part quality [1] [2] [3] . Therefore, the injection simulation computer aided engineering (CAE) technology is often used to quantitatively analyze the injection molding process in the mold design process, to research the effects of mold structure and process parameters on plastic part quality, and to predict the occurrence of the design and manufacturing defects of the plastic part, which will provide theoretical basis for obtaining high-quality products.
Xu [4] regarded part warpage as the optimization goal and used the orthogonal experimental method combined with the mold flow analysis software Moldflow to optimize the injection molding process parameters for the thinwalled plastic part. Dong et al. [5] quantitatively analyzed shrinkage and warpage using a simulation program and studied the significant influence of the injection molding process parameters on it. Liao and Liu [6] simulated the packing process of plastic part using the Moldflow software and studied the effect of packing pressure and packing way on the plastic part warpage. Dong et al. [7] simulated a phone shell using numerical simulation technology and obtained a set of optimal process parameters, which make warpage minimum. Tang et al. [8] analyzed the effects of various injection molding process parameters on plastic part warpage and sought the optimal process parameters for plastic part warpage using the Taguchi method. Mlekusch [9] proposed a method to control plastic part warpage and calculated residual stress in the injection molding process using a nonlinear viscoelastic model. Ozcelik and Sonat [10] studied the thin-walled plastic part warpage with different thicknesses, and the result showed that the packing pressure had the greatest effect on it. Erzurumlu and Ozcelik [11] studied simulative plastic part warpage with different materials and different structures using the Moldflow software and optimized the process parameters. Yena et al. [12] designed the orthogonal experiment using the Taguchi method, simulated it using the Moldflow software, optimized the gating system, and reduced the warpage. Huang and Tai [13] used the Taguchi experimental design method to optimize the injection molding process and simulated the molding process of plastic part using the C-MOLD software. Research results showed that mold temperature, packing time, melt temperature, and packing pressure were the major factors affecting the plastic part warpage, whereas gate size and filling time had little effect on it. Jansen et al. [14] selected seven kinds of thermoplastic plastics, namely, PS, ABS, PC, HIPS, PP, PBT-GF30, and HDPE, and studied their effects on material's shrinkage and warpage under the condition of a change in injection speed, mold temperature, and packing pressure. Experimental results showed that packing pressure and melt temperature were the greatest factors affecting shrinkage and warpage, whereas mold temperature and injection speed had little effect on it. Zhang et al. [15] researched the influence of process parameters on plastic part warpage using the orthogonal experimental method together with the Moldflow software. Azaman et al. [16] studied and compared the deflection and warpage of the thin-walled parts under different injection materials; the important parameters reducing volumetric shrinkage and warpage using lignocellulosic polymer composites for molded thin-walled parts [17] ; the optimum parameter ranges making in-cavity residual stresses of the thin-walled parts minimum [18] ; the effect of process parameters on shrinkage and warpage of the thin-walled parts and the optimization of the shrinkage and warpage of the thin-walled parts [19] ; and the relationship between the types of thin-walled molded parts and in-cavity residual stresses and warpage [20] .
The previosuly mentioned injection studies for thinwalled parts have not considered plastic part warpage caused by mold deformation. However, because of the great packing pressure and the influence of nonuniform temperature in thin-walled parts due to the injection molding process, mold deformation is much larger than that of normal injection molding. In recent years, some scholars begin to pay attention to mold deformation for thin-walled injection molding. Chang et al. [21] proposed that nonuniform flow pressure and mold temperature in the injection molding process can cause cavity deformation. Chen and Huang [22] used Moldflow analysis results as boundary conditions for the ANSYS analysis of cavity deformation and researched mold deformation. Liu et al. [23] studied the stiffness analysis of mold cavity using ANSYS and Moldflow software. They divided cavity surface into different areas, selected the average value of cavity surface stress obtained from Moldflow simulation as surface load input into ANSYS, and simulated the mold cavity, making the results closer to the actual injection molding process.
In this paper, Moldflow and ANSYS software combined with the orthogonal experimental method were used for multiparameter coupling analysis, with mold structure parameters and injection molding process parameters considered synthetically. Then the key factors and influence rules affecting plastic part warpage were found. The optimal process parameter combination and the optimal mold structure were obtained, and the goal of reducing plastic part warpage was achieved.
2 Finite element modeling and research schemes 2.1 Finite element modeling
Finite element modeling of Moldflow
Plastic part is an air filter sheet of mobile air conditioner. It has length, width, and average wall thickness of 238, 230, and 1 mm, respectively, as shown in Figure 1 . The mould layout form is one module and one cavity, and the pinpoint gate is applied to the injection simulation. A finite element model is created using a double-sided unit type mesh, as shown in Figure 2 . The crystalline polymer selected is polypropylene, and the melt fluidity of the material is good. Its basic performance parameters are shown in Table 1 .
Finite element modeling of ANSYS
First, the injection mold of the air filter sheet is created by the three-dimensional design software UG, as shown in Figure 3 . Templates, top rods, and other institutions are simplified, then local holes and fillets are removed. The mold is meshed using the ANSYS software, and then a simplified finite element model is obtained, as shown in Figure 4 . The part's materials and the basic properties of the mold's main force structure are shown in Tables 2 and 3 , respectively.
Research schemes
With minimum warpage as the optimization goal and with melt temperature, mold temperature, packing pressure, packing time, and mold structure (cooling plan) as variables, the research was conducted using the orthogonal experimental method. According to the injection mold temperature field based on ANSYS analysis, four cooling plans are designed for the purpose of uniform temperature field, as shown in Table 4 . The cooling pipes are symmetrically distributed and centered on the plastic part, as shown in Figure 5 .
According to the characteristics of thin-walled injection molding, four levels for each factor are taken. An orthogonal experimental table with five factors and four levels is obtained, as shown in Table 5 , and then the L 16 orthogonal array is used, as shown in Table 6 . 3 Result analysis and discussion
Calculation of the plastic part deformation
The total deformation (deviation) ΔE of the plastic part in the Z direction includes deviation ΔE m caused by injection molding process and deviation ΔE a caused by mold deformation, and the formula is as follows:
Sixty-two data points are uniformly taken from the plastic part, as shown in Figure 6 . The deviations ΔE m and ΔE a of each point of the plastic part in the Z direction after injection are calculated, and then the total deformation ΔE is calculated.
Deformation analysis
Sixty-two data point deviations of every simulation experimental scheme are analyzed, and 16 groups of data normal distribution are obtained, as shown in Figure 7 . It can be seen that the data obtained from 16 groups of schemes conform to normal distribution. The absolute deviation of data points reflects the local deformation degree of each point. Among them, some of the absolute deviations of scheme 2 data points are maximum, which reach 6.5 mm, indicating that the local deformation of the plastic part is maximum. Schemes 6, 8, 11, and 16 also have larger local deformation, whereas the absolute deviations of the data points of schemes 4, 7, 10, 12, and 13 are small, indicating that these plastic parts do not have prominent local deformation parts. Among them, the absolute deviation of scheme 13 is minimum, only 0.79 mm. The standard deviation [24] is the cumulation of the local warpage of 62 points of plastic part and reflects the overall deformation degree of the plastic part. It can be seen from Figure 8 that the standard deviation of scheme 2 is up to 2.314 mm, indicating that the overall deformation of the plastic part is maximum. The standard deviation of schemes 6, 11, and 16 are also larger, so the overall deformation is also larger, whereas schemes 4, 7, 10, 12, and 13 are smaller, so the overall deformation is smaller. These results are consistent with the local deformation trend of the plastic part. The plastic part of scheme 2 is not only maximum local deformation but also maximum overall deformation, so scheme 2 is the worst. Schemes 6, 11, and 16 are also both larger deformation, so the three schemes are also poor, whereas schemes 4, 7, 10, 12, and 13 are better.
It can be seen from Table 6 that the better schemes 4, 7, 10, and 13 all need great packing pressure (150 MPa) in addition to scheme 12. Table 7 is the analysis results of range of the experiment data. Range R [25] reflects the effects of the corresponding factors on the index in the experiment. The levels of the factor that has a big range cause a big difference in the experiment results; thus, the factor is significant. However, the factor that has a small range is not significant. It can be analyzed from Table 7 that the important order of the significance of the influence factors is as follows: packing pressure, packing time, cooling plan, mold temperature, and melt temperature. 
Significance analysis of the influence factors
Equation 3 is the sum of squared deviations. It quantitatively estimates the influence degree of each factor on the plastic part warpage, where q expresses the level number and y̅ is the average value of k i .
In Equation 4, f expresses freedom degree of each factor. Variance F expresses a significant level of the influence of each factor. Table 8 is the analysis results of variance of the experiment data. It can be seen that packing pressure is the significant factor affecting warpage, and F value is 0.601, followed by packing time, mold temperature, cooling plan, and melt temperature. is the best, level 1 of factor D is the best, and level 3 of factor E is the best, namely, the optimal process scheme is A 3 B 3 C 4 D 1 E 3 . That is, the plastic part warpage is minimum using the injection molding process of melt temperature 260°C, mold temperature 60°C, packing pressure 150 MPa, packing time 2 s, and cooling plan 3.
Optimization of process parameters

Analysis of the optimization effect
The plastic part is the result of mold flow analysis by the Moldflow software and mold deformation analysis by the ANSYS software using the optimal process scheme A 3 B 3 C 4 D 1 E 3 . It can be known that the maximum deviation a max E ∆ caused by mold deformation is 0.105 mm (as shown in Figure 10 ) and the maximum deviation m max E ∆ caused by injection molding process is 0.65 mm (as shown in Figure 11 ). Figure 12 is the normal distribution of the simulated deviation data obtained from the optimal process scheme. It can be seen that the maximum deformation ΔE max of the plastic part in the Z direction is 0.75 mm, which is better than schemes 1-16. It can be seen from Figure 13 that the standard deviation of the optimal scheme 17 is smaller than that of 16 schemes, indicating that the scheme is optimal. Figure 14 shows fitting graphs of the plastic part of experiment scheme 13 and the optimal scheme. It can be seen that the warpage degree of the plastic part reduces significantly after optimization and plate flatness is better. These results show that a comprehensive optimization effect is significant through the mold deformation and process parameters coupling in this paper, and it can reduce the thin-walled plastic part warpage obviously and improve the quality of the plastic part.
Conclusions
1. As to the local deformation of the plastic part, experiment scheme 2 is maximum; thus, it is the worst scheme. By contrast, the local deformation of schemes 4, 7, 10, 12, and 13 are small; thus, they are better. As to the overall deformation of the plastic part, scheme 2 is also the worst scheme, whereas schemes 4, 7, 10, 12, and 13 are better. 2. It can be known from the analysis of range of the orthogonal experiment data that the important order of the influence factors for the plastic part warpage is as follows: packing pressure, packing time, cooling plan, mold temperature, and melt temperature. It can be known from the analysis of variance of the experiment data that packing pressure is the significant factor affecting warpage, followed by packing time, mold temperature, cooling plan, and melt temperature. Figure 14 : UG fitting graphs: (A) before optimization and (B) after optimization.
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3. It can be known from the optimization of process parameters that the optimal process scheme is A 3 B 3 C 4 D 1 E 3 in the injection molding process, namely, the plastic part warpage is minimum using the injection molding process of melt temperature 260°C, mold temperature 60°C, packing pressure 150 MPa, packing time 2 s, and cooling plan 3. 4. The plastic part is the result of mold flow analysis by the Moldflow software and mold deformation analysis by the ANSYS software using the optimal process scheme. As a result, the warpage degree of the plastic part reduces significantly, and plate flatness is better. It indicates that a comprehensive optimization effect is significant through the mold deformation and process parameters coupling in this paper, and it can reduce the thin-walled plastic part warpage obviously and improve the quality of the plastic part. 5. This paper studied the effect of mold structure parameters and injection molding process parameters on the warpage of the thin-walled part. Previous works studied only the effect of injection molding process parameters on the warpage of the thin-walled part.
